We predict the neutron drip-line and simulate the r-process path for Cu -Sn, based on the calculation of binding energy in the frame-work of relativistic and non-relativistic mean field formalisms. We also compare the quadrupole deformation parameter β 2 , and one neutron separation energy S n of these isotopic series with the results of finite range droplet model (FRDM) prediction. the results produced by RMF and ShF are comparable to each other and also agreeable with the FRDM model.
INTRODUCTION
the elements available in nature are generally formed by the thermonuclear fusion process, up to Fe, Co or Ni. After the formation of Fe or Co, direct fusion process becomes endothermic, and the isotopes beyond Fe are formed by rapid neutron capture process (r-process). Approximately half of the heavier nuclei beyond Fe are formed in nature by this process [1] [2] [3] . Basically two types of neutron capture processes occur for astrophysical nucleosynthesis, which have been first identi fied by Burbidge et al. [1] and Cameron et al. [2] . the neutron capture processes which are based on neutron flux are characterised by rapid-and slow-processes. the r-process, which occurs at large neutron density, enables the production of neutron-rich nuclei close to the drip-line, while the s-process has sufficient time for beta disintegration and produces the nuclei near β -stability line. however, the production of medium-heavy elements (in particular Sr, Y and Zr) are more complex as it uses several mode of synthesis. the r-process requires such physical condition in which there are high entropy, fast expansion or low electron fraction which is achieved after core collapse supernovae [4] [5] [6] [7] , but these physical conditions are still not well identified [8] [9] [10] [11] . the r-process is able to determine the dynamics of astrophysical events due to the existence of unstable nuclei with very large exotic neutron-to-proton ratios [12] . After the successful expo sure of nucleus to intense neutron flux, it undergoes β − -decay to form stable nucleus. Even in the presence of intense neutron flux, a nucleus with a fixed Z can capture the neutron until the one neutron separation energy (S n ) falls to zero or negative (S n ≤ 0), which marks the neutron drip-line. Nuclei beyond the neutron drip-line decay by spontaneous neutron emission. thus the neutron drip-line plays an important role for nucleosynthesis.
It is to assume that the formation of heavy elements takes the victory over the β − -decay but it is not the end of whole story while the truth is a bit more complicated. the astrophysical events which maintain a very high temperature may have a possibility of photo-disintegration against the neutron capture because of significant role of gamma radiation flux. these gamma rays interact with the nuclei to break off the most loosely bound protons, neutrons, or alpha particles. the gamma photons literally break apart nuclei to form lighter elements. But instantly they are recaptured by other nuclei which binds them more tightly. So it might be a competition for neutron capture against photo-disintegration to form heavier nuclei. In such extreme environment, the time scale of the β -decay τ β is much longer than the time of r-process or photo-disintegration. the two reverse (r-capture and photo-disintegration) reactions n Z N Z N + ⇔ + + ( , ) ( , ) 1 γ can come to an equilibrium balance in course of time. the final product depends on several variables, most important of them are temperature, neutron flux density and
1 β ν transfers a nucleus to the next higher Z number and determines the speed of formation of heavy nuclei [3] . the other factor which influence the r-process path is the high neutrino flux released in a supernovae explosion which has the same effect as
. It is important to mention that the nuclear fission and also the α-decay do not occur for nuclei near the drip-line [13, 14] and may not be a factor in the way of r-process. In the present work, our aim is to determine the neutron drip-line and r-process path for Cu -Sn.
In the present work, we use the well established relativistic mean field (RMF) and non-relativistic Skyrme hartree-Fock (ShF) approaches to study the neutron drip-line and rapid neu tron capture process. the results are compared with the prediction of macro-microscopic finite range droplet model (FRDM) [15, 16] . For this, we evaluate the one neutron separation energy S n to locate Formation of medium-heavy elements in rapid neutron capture process 3 the drip-line of the elements. Subsequently, we also evaluate the quadrupole deformation parameter β 2 and neutron skin thickness ∆r r r n p = − (r n and r p are the neutron and proton distribution radii) to see the structure effect of the drip-line nuclei. the paper starts with a short introduction in Sec. 1. the formalism of RMF and ShF theories are presented in Sec.2. Results and discussions are given in Sec. 3. Section 4 contains a summary of the paper.
THE MATHEMATICAL DETAILS OF FORMALISMS

A. Relativistic mean field formalism
From last three decades, the RMF theory is applied successfully to study the structural proper ties of nuclei throughout the periodic table [17] [18] [19] 
here m m /π=1/137 are the coupling constants for the σ , ω, ρ -mesons and photon respectively. g 2 and g 3 are the nonlinear coupling constants for σ mesons. By using the classical variational principle we obtain the field equations for the nucleons and mesons. We use the recently reported NL3* parameter set [21] . this set of parameter reproduces both the ground and excited states properties of many spherical as well deformed nuclei [21] . the present coupled equations are solved self-consistently [19] in an axially deformed harmonic oscillator basis with 12 shells, both for bosons as well as Fermions. to take care of the pairing interaction, the standard constant gap BCS -pairing approach is used [19] [19] .
B. Non-relativistic Skyrme Hartree-Fock Hamiltonian density
the general form of the Skyrme effective interaction is used in the mean-field models, which is expressed as a density functional H [22, 23] given by some of the empirical parameters, as
where K H H , 0 3 and H eff are the kinetic energy, zero range, density dependent and the effective mass dependent terms, respectively. these parameters can be written as; 
τ , is a form used in the Fermi gas model for noninteracting Fermions. the other terms representing the surface contributions of finite nucleus with b 4 and b ' 4 as additional parameters are
and
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here n and p are the subscripts representing the neutron and proton, and m be the mass of nucleon.
or p for spin saturated nuclei, i.e., for nuclei with major oscillator shells completely filled. the total binding energy of the nucleus is obtained by integrating the density function h [23, 24] . For the ShF calculation, the SkI4 set of Reinhard [24] is used which is designed for a better spin-orbit interaction. the BCS-δ interaction is adopted to take care of pairing in the open shell nuclei.
PARAMETRIZATION
As we have mentioned earlier, we also used the SkI4 parameter set for nonrelativistic cal culations. the values of binding energies obtained by this set is given in table 1. One neutron separation energy S n is also framed in this table. the agreeability of the calculated results with NL3, NL3* and FRDM can be seen from their comparison. the data of NL3 and NL3* are also presented in the table 1. Although, the results of NL3* are claimed to be superior in Ref. [21] , but here we find that the NL3 is still one of the best set among the relativistic forces. however, the one neutron separation energy S n are comparable to each other along with the FRDM as well as experimental values. the considered nuclei are chosen in such a way that they lie in the range of our present study as well as experimentally known [25] . It is to notice that the final conclusion of our predictions for r-process path which is the main objective of the present study will remain unchanged. On the other hand, the drip-line which is very much sensitive to the binding energies may be differed from one to another by depending on the force parametrizations.
RESULTS AND DISCUSSIONS
A. Binding energy and quadrupole deformation parameter
We calculate the ground state binding energy and quadrupole deformation parameter for Z = 29 to 50 neutron-rich nuclei starting from the vicinity of neutron capture path till neutron drip-line. the results produced by RMF and ShF in the form of BE, β 2 and S n are quite comparable with FRDM results [15, 16] . the drip-line nuclei are identified by the one neuron separation energy of two neighboring nuclei, which is expressed as
the binding energy per nucleon (BE/A) for the drip-line nuclei of Cu -Sn is plotted in Fig. 1 . It is noticed that the peak values of BE/A for Nb are at A = 123, 124 in RMF, ShF and A = 133 for Ag in FRDM, respectively indicating the most stable drip-isotope of the series in the respective models. the quadrupole deformation parameter β 2 of drip-line nuclei are plotted in Fig. 2 . We find the drip-line nuclei such as Br, kr, Rb, Sr and Y with mass number A = 117, 118, Nb are the drip-line nuclei in RMF and FRDM, respectively. these nuclei are predicted to be spherical in their ground state configuration. the drip-line nuclei from 132 Mo to 163 Sn in RMF have a prolate shape while there are prolate as well as spherical shapes in ShF and FRDM models.
B. Radii and neutron skin
the neutron and proton distributions inside the nucleus for these neutron-rich nuclei are quite informative to understand the nuclear equation of state at high Formation of medium-heavy elements in rapid neutron capture process neutron proton asymmetry. For this, we calculate the neutron (r n ) and proton (r p ) radii. the skin structure of nuclei are studied by taking the difference ∆r r r n p = − , which is shown in Figure 3 for both RMF and ShF cases. We found large value of ∆r in both the models. As expected, the distribution of neutrons is more extended inside the nucleus forming a skin like structure towards the tail region. the ∆r values are found to be almost similar in both the formalisms. A further inspection reveals that the RMF predicts a slightly larger skin than the ShF. the typical ranges are, ∆r = − 0 6 0 7 . . fm and 0.5 -0.6 fm in RMF and ShF respectively.
C. Neutron drip-line and r-process path
the one neutron separation energy, S n , which is an effective quantity for the determination of drip-line are plotted in Fig. 4 for all three models. On the basis of S n , we determine the neutron drip-line. We have taken an uncertainty of 0.4 MeV in our calculation and defined the drip-line when S n reaches to this value. the predicted neutron drip-lines are compared with the FRDM data in Fig. 5 . It is evident from Fig. 5 that the predictions of drip-line by ShF and RMF are quite agreeable to each other. While the macro-microscopic prediction is quite different and reaches earlier than mean field predictions. As we have already mentioned, the drip-line is much sensitive and a function of binding energy. Variation in Formation of medium-heavy elements in rapid neutron capture process binding energy calculated by different parameterizations or models affects the drip-line or more precisely, we can say it is model dependent. the dependency of model in prediction of neutron drip-line is reflected in our results. A quantitative measurement of stability can be estimated by the neutronto-proton ratio (N/Z) for the whole periodic chart. Larger the N/Z ratio, in general, lesser the stability against β-decay. the neutron-to-proton ratio for the band of nuclei having neutron separation energy within 2 -4 MeV in RMF (NL3*) are shown in Figure 6 . these nuclei are the possible candidates for the path of r-process, which are depicted by filled squares in Fig. 5 . the N/Z values of these nuclei spread between ~1.6 -2.0 and the most probable ratio is ~ 1.8 compare to the drip-line nuclei having the ratio ~2.3. this means, the nuclei belong to drip-line have more exotic nature than the participants of r-process.
the formation of heavy nucleus starting from Cu to Sn can be understood by rapid neutron capture process. Due to the presence of highly dense neutron flux, the normal nuclei Fe or Ni capture neutrons upto a maximum mass number and make one of the most neutron-rich nucleus having S n ~ 2 -4 MeV in the isotopic series. this ultra neutron-rich nucleus suffers a competition between the neutron capture process and β-decay. Ultimately, undergoes to β-emission and produces the less neutron-rich Cu nucleus. Again the Cu isotope captures neutrons till it reaches to [80] [81] [82] [83] [84] [85] Cu which lie much before the 
where Q n is the neutron binding obtained from S n . While using the typical temperature and neutron flux in this relation, the likely value of Q n lies within 2 to 4 MeV. It is shown in Ref. [27] that under neutron-rich environment and with favourable projectile energy, the formation of superheavy element in astrophysical object is possible by r-process. We simulate the r-process path using these conditions of temperature and density range to the nuclei which also fulfill the S n range from 2 to 4 MeV. the band of nuclei which participate to r-process are expressed in table II. the r-process path unaffected as long as the S n values lie between 2 -4 MeV. Our this observation agrees with the recent report of Lahiri and gangopadhyay [28] . the abundance of neutron-rich nuclei in the r-process path in the way of the formation of heavier element lie much before the neutron drip-line as reflected in Fig. 5 . In general, the range of nuclei contribute to r-process are in similar band (see table II) and the drip-line predicted by RMF, ShF and FRDM are quite comparable with each other although there is a slight variation among them as shown in Fig. 5 .
SUMMARY
As expected, the RMF and ShF produce quite successful results about the bulk properties of finite nuclei towards the drip-line. the calculated binding energies and quadrupole deformation parameters in RMF and ShF approaches Formation of medium-heavy elements in rapid neutron capture process are found to be in close agreement with FRDM values for Cu -Sn isotopic series. It is also revealed that isotopes of Nb with mass number A ~ 124 in RMF, ShF and A=133 for Ag in FRDM are found to be most tightly bound nucleus for the considered drip-line nuclei. From the calculated binding energy, we estimated the one neutron separation energy S n and predicted the neutron dripline for Cu -Sn. Based on the information of S n , drip-line and waiting point, a rapid neutron capture path is suggested for Z = 29 -50. the prediction of the present r-process path may be a gate way for the formation of neutron-rich as well as superheavy nuclei.
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